Precision nuclear charge radii measurements in the light-mass region are essential for understanding the evolution of nuclear structure, but their measurement represents a great challenge for experimental techniques. At the Collinear Resonance Ionization Spectroscopy (CRIS) setup at ISOLDE-CERN, a laser frequency calibration and monitoring system was installed and commissioned through the hyperfine spectra measurement of 38-47 K. It allowed for the extraction of the hyperfine parameters and isotope shifts with better than 1 MHz precision. These results are in excellent agreement with available literature values and they demonstrate the suitability of the CRIS technique for the study of nuclear observables in light atomic systems. In addition, the spectral line shapes obtained under different conditions were systematically investigated, highlighting the importance of finding optimal conditions, under which the extracted nuclear properties remain unaffected by laser-atom interactions.
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I. INTRODUCTION
Precision laser spectroscopy can simultaneously measure multiple nuclear properties of isotopes in a nuclear modelindependent way, such as nuclear spins, electromagnetic moments, and changes in the mean-square charge radii. This makes such measurements a major ingredient for nuclear structure studies in different regions of the nuclear chart, providing important benchmarks for testing and developing state-of-the-art nuclear theories [1] [2] [3] [4] [5] [6] [7] [8] .
Over the years, various unexpected phenomena have been discovered in isotopes far from β stability, challenging the well-established theoretical models initially based on the isotopes near the valley of stability. This has motivated continuous development of nuclear models as well as experimental techniques. As one of the fundamental properties of the atomic nucleus, the charge radii of short-lived isotopes to the production point. The high efficiency of resonance laser ionization in combination with ion detection methods, provide a very high sensitivity, allowing the measurement of isotopes produced at rates below 1 particle per second [7, 10, [21] [22] [23] . However, the spectral resolution achieved with this class of techniques is, in general, not sufficient for highprecision measurements of isotopes in the light and mediummass region. Due to Doppler and pressure broadening effects, the width of the spectral line increases by two orders of magnitude compared to the natural linewidth, exceeding 1 GHz, and is therefore larger than the hyperfine splitting of most isotopes in the calcium mass region and below. The newly developed in-gas-jet resonance ionization spectroscopy has reached 400 MHz linewidth for the actinium isotopes in the heavy-mass region [8] , which is an order of magnitude improvement compared to the in-source technique. It is, however, still not enough to resolve the hyperfine structure of light elements. Collinear laser spectroscopy, on the other hand, reduces these effects by two orders of magnitude, due to kinematic compression that occurs when accelerating the ion beam to between 30-60 keV [18, 20] . When the ion beam is overlapped with laser light in an (anti)collinear geometry [1, 2] , resonance profiles with less than 100 MHz width can be obtained, reaching the order of magnitude of the natural linewidth. Currently, there are several new methods under development that aim to combine the high-efficiency resonance laser ionization process with high resolution [8, 24, 25] .
Collinear laser spectroscopy typically brings the atoms or ions into resonance with a frequency-fixed laser light by changing the beam energy, while Collinear Resonance Ionization Spectroscopy (CRIS) established at CERN-ISOLDE [26] relies on changing the laser frequency. This approach used at CRIS has reached sufficient precision to reliably extract the nuclear properties of heavy-mass francium and radium isotopes [24, 27, 28] and medium-mass copper and gallium isotopes [6, 29] . However, further developments were required to study light isotopes, and in particular for the extraction of their nuclear charge radii. Measurements of these radii are required to probe (sub)shell effects [4, 9, 11] , shape staggering [30, 31] , and correlations [32, 33] .
The changes in mean-square charge radii can be extracted from observed isotopes shifts (δν) using the following expression [34] 
where K MS and F are the atomic mass-shift and field-shift factors, respectively, of a given electronic transition, m e is the electron mass and m A and m A are nuclear masses. For light elements, the field shift, which is the critical part for the determination of the nuclear charge radii, is 10 3 smaller than the mass shift [3] . Such is the case for the K isotopes (see Sec. III C). For K isotopes, an inaccuracy at the level of a few MHz in δν will lead to a significant error (more than 10%) on the extracted charge radii. Therefore, for the measurement of light isotopes with Z 50, it is essential to investigate the precision of the CRIS technique. Furthermore, the interaction of atoms with high-power laser pulses, required for efficient resonant ionization spectroscopy, leads to line shape distor-tions and shifts of the atomic energy levels [35] , which can potentially influence the extracted nuclear parameters. In the mass regions studied so far using the CRIS technique, these unwanted consequences of the use of high-power pulsed lasers were either successfully removed [36] , or had little influence on the extracted nuclear properties, when compared with available literature values [29] . However, in the mass region of potassium, these effects have to be carefully investigated and addressed. Note that resonance ionization spectroscopy has been used to study the Li (Z = 3) isotopes [37] , which was possible by decoupling the two-photon Dopplerfree excitation and the resonance ionization processes through the decay of the first excited state. Therefore, the hyperfine structure of the two-photon excited atomic energy level, that was used to extract the nuclear parameters of the studied isotopes, was not affected by the high-power laser used for the ionization step.
In the past, high-precision laser spectroscopy of [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K was performed on thermal atomic beams [38] , details of the technique can be found in Ref. [39] , while the isotope shift of [37] [38] K was studied in a magneto-optic trap [40] with high precision. More recently, hyperfine spectra of [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] K isotopes were measured with several collinear laser spectroscopy techniques on accelerated beams [11, 41, 42] . The availability of independent measurements using different methods for a long chain of isotopes therefore provides a perfect test site to investigate the precision and accuracy that can be achieved with the laser frequency scanning approach used at CRIS. This will also establish the accuracy limit of similar scanning methods for high-resolution laser spectroscopy techniques in general. In addition, the role of laser-induced distortion of spectral line shapes in resonance ionization spectroscopy [29, 43] can be further investigated. Although the study of laser-atom interactions has already attracted some attention [35, 43] , to our knowledge these effects and in particular their impact on the nuclear properties extracted from hyperfine structure (hfs) spectra have not yet been studied in detail.
This work presents measurements of the hfs spectra of 38, 39, 42, 44, 46, 47 K using the CRIS method, which were performed with a newly installed laser frequency monitoring and stabilization system. It will demonstrate the capability of the current experimental setup for reliable extraction of nuclear parameters in light isotopes. In addition, different experimental conditions (laser power, laser pulse timing structure) have been investigated to gain a better understanding of their influence on the line shape and extracted hfs constants, isotope shifts, and the deduced nuclear properties.
II. EXPERIMENTAL METHOD AND SETUP
The K isotopes were produced at the ISOLDE facility at CERN by impinging protons of 1.4 GeV on a 20 cm long cylindrical UC x target (45 g/cm 2 ) with 0.7 cm diameter [44] . Reaction products diffused out of the target into a capillary tube (3 mm diameter) heated to 2000 • C. Surface ionized potassium isotopes were then accelerated and mass separated by the high-resolution mass separator (HRS), before being cooled and bunched in the gas-filled linear Paul trap (IS-COOL) [ [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K. After two resonant excitations the atoms are finally ionized by a nonresonant excitation of an electron from the 6s 2 S 1/2 state to above the ionization potential (IP). The inset shows the sequence of laser pulses used for the high-resolution laser spectroscopy measurement. accelerated to 40 keV and guided towards the CRIS beam line [30] , where the ions passed through a charge-exchange cell (the pressure of the chamber was under 7 × 10 −8 mbar) filled with potassium vapor at 160 • C. Around 70% of the in-flight ions were neutralized in this process. The neutralized fraction was estimated by comparing the current of the full beam (containing both the atoms and ions) measured on a Faraday cup (FC) after the charge-exchange cell to the current corresponding to the atomic beam. A bias voltage of a few tens of volts was applied to the outer ring of the FC to enhance the extraction of secondary electrons upon beam impact, hereby enabling the measurement of neutral beam currents. The pure atom beam was obtained by deflecting away the ions from the beam by applying high voltage on deflector plates placed before the FC. During the measurements of the hyperfine spectra of isotopes, the non-neutralized ions were always removed from the beam by using these electrostatic deflector plates. After passing through a differential pumping region, the atom bunch was overlapped with laser light in a 1.2 m long interaction region, which was held at pressure of 1.8 × 10 −9 mbar to reduce the collisional ionization.
The three-step resonance ionization scheme employed for the present experiment is shown in Fig. 1 . The first excitation step is produced by a continuous wave (cw) titanium-sapphire (Ti:Sa) laser (M-Squared SolsTiS) pumped by a 18 W pump laser at 532 nm (Lighthouse Photonics). To prevent optical pumping to dark states, this laser light was chopped into 50 ns pulses at a repetition rate of 100 Hz by using a Pockels cell, as described in Ref. [36] . The wavelength of this laser was tuned to probe the hfs of the 4s 2 S 1/2 → 4p 2 P 1/2 transition at 769 nm. Atoms in the excited 4p 2 P 1/2 state were then excited to the higher 6s 2 S 1/2 state by a pulsed dye laser (Spectron PDL SL4000) with a spectral bandwidth of 10 GHz. This dye laser cavity was pumped by a frequency doubled Nd:YAG pulsed laser (Litron TRLi 250-100) at a repetition rate of 100 Hz. The fundamental light of the Litron laser (1064 nm) was used for the final nonresonant ionizing step. The ions created in the interaction region were separated from the nonionized atoms using deflector plates, and guided towards the microchannel plate (MCP Hamamatsu F4655-12). The arrival of ion bunches and laser pulses in the interaction region were synchronized and controlled using a Quantum Composers 9520 Series multichannel pulse generator [30] . The timing of each laser pulse could be adjusted independently, allowing the systematic investigation of the effect of different laser pulse sequences on the spectral line shape and extracted observables from experimental hfs spectra. Figure 1 also shows an example of the time sequence of laser pulses optimized during the systematic survey of the effect of different laser timings on the hfs spectra, as will be discussed in Sec. III D. This time sequence of laser pulses provides us with the optimal balance between efficiency and resolution, and furthermore minimizes unwanted line shape distortions. It is therefore used for the evaluation of the precision and accuracy of the CRIS method in the K mass region, as presented in Secs. III B and III C.
In order to evaluate the applicability and precision of laser frequency tuning for high-resolution resonance ionization spectroscopy measurements of light atomic systems, additional diagnostics were introduced into the CRIS laser laboratory and a HighFinesse WS/U-2 wavelength meter. The key component of the monitoring system is a Toptica saturated absorption spectroscopy unit, which consists of a diode laser (DLPRO780), a temperature controlled vapor cell filled with K, Rb, and Cs (COSY) and the related locking electronics as shown in Fig. 2 . In this experiment, the frequency of the diode laser was locked to the F = 2 → F = 3 transition of the D1 line in 87 Rb, which is better resolved than the transitions in the K spectrum. The diode laser light was coupled into the high precision wavelength meter, as well as into a Fabry-Perot Interferometer (FPI: FPI-100-0750-1) with a 1 GHz free spectral range and 5 MHz typical resolution. This FPI cavity was locked to the diode laser frequency using TEM LaserLock digital locking electronics. A small fraction of cw laser beam from the Ti:Sa cavity was also sent into the wavelength meter and the FPI. The transmission fringes of the frequency scanned Ti:Sa laser through the locked FPI were monitored by using a Thorlabs DET10A/M-Si Detector and finally recorded by using a National Instruments USB-6211 acquisition card. In this configuration, the wavelength of both the diode and the Ti:Sa laser could be monitored and recorded throughout the duration of the entire experiment.
Since the frequency of the diode laser is locked to a well-known hyperfine transition of 87 Rb at 384228115.210 (7) MHz, it provides a suitable frequency reference to monitor any frequency drifts during the experiment. Given the 11 nm difference between this laser light and the one used for the transition probed in the potassium isotopes, it was assumed that the response of optical elements inside of the wavelength meter and the FPI is the same for both laser lights. The monitoring was realized by continuously sampling the wavelength of the diode laser using the wavelength meter, and by recording the Ti:Sa transmission fringes of the locked FPI. 
III. EXPERIMENTAL PROCEDURES, RESULTS, AND DISCUSSION
The hfs of 38, 39, 42, 44, 46, 47 K for the 4s 2 S 1/2 → 4p 2 P 1/2 atomic transition ( Fig. 1) were measured with the CRIS technique. In this work, 47 K was used as the reference isotope, the hfs of which was measured regularly during the experiment. The typical hfs spectrum of 47 K is shown in Fig. 3(b) . This ensures that slow drifts of the devices, such as wavelength meter and the acceleration voltage, are monitored.
The hfs A parameters of the ground and first excited state (A l , A u , respectively) and the atomic field factor F of the potassium isotopes are smaller [11, 41, 42] than those in the middle-and heavy-mass regions previously measured with the CRIS technique [6, 24, 27, 29] . Therefore, in order to extract reliable and high-precision experimental observables from the measured hfs spectra, it is crucial to monitor the drifts of various parameters, e.g., the frequency of the scanned Ti:Sa laser and the 40 keV high voltage applied to ISCOOL (ISCOOL voltage), and to correct for those drifts as described in the following sections.
A. Frequency scanning approach
As mentioned above, there are two approaches to measure the hfs spectra of isotopes of interest in the collinear geometry: laser-frequency tuning or ion beam velocity tuning. Ion beam velocity tuning is performed by varying an accelerating or decelerating potential, while the laser frequency is locked to a fixed frequency ν laser . Due to the Doppler effect, an ion or atom that is accelerated to an energy V observes a shifted laser frequency ν, given by
where
This approach is commonly used for collinear laser spectroscopy setups worldwide [9, 46] . In the case of the CRIS technique, multiple laser steps are used to resonantly ionize atoms, which makes the voltage scanning more complex. To achieve high ionization efficiency, multiple laser beams are required to be perfectly overlapped with the atomic beam in the long interaction region of the CRIS setup. Tuning the ion beam velocity can affect significantly the focus and path of the atomic beam, and also potentially shift the frequency of the second excitation step off the resonance of the atoms, which will reduce the ionization efficiency. Furthermore, the voltage applied to the deflector plate in front of the ion detector has to change synchronously with the accelerating/decelerating potential used for Doppler 034304-4 tuning. Therefore, all measurements so far with CRIS have relied upon scanning the laser frequency.
B. Evaluating the precision and accuracy
Accurate and stable laser wavelength measurements are crucial for high-precision laser spectroscopy using the CRIS method. Many environmental factors can influence the frequency measured by the wavelength meter (e.g., the pressure and temperature of the laboratory that houses the wavelength meter). Therefore, changes or drifts in the range of 10-20 MHz from the wavelength meter reading over a long period of time have to be taken into account. In the following, an approach to correct these effects will be introduced in detail, and applied to the isotopes shift measurements of [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K.
The frequency of the stabilized diode laser and the scanning Ti:Sa laser were recorded by the wavelength meter throughout the experiment. In order to extract the hfs parameter and center-of-gravity (COG) of the hyperfine spectrum in the rest frame of the atom, the laser frequencies recorded by the wavelength meter were Doppler shifted according to Eq. (3) using the event-by-event recorded ISCOOL voltage. In addition to this, the absolute voltage of ISCOOL was calibrated using results obtained by measurements on thermal beams [38] . Note that the same calibration was performed for the results presented in Ref. [11] , with details on the calibration procedure given in Refs. [47, 48] . The hfs spectra were fitted using the SATLAS package [49] . Figure 4(a) shows the COG of the reference isotope 47 K during the experiment.
A clear drift of about 8 MHz is observed, which comes mainly from a drift in the wavelength meter.
In order to remove this drift, the frequency of the Ti:Sa laser (ν i ) was calibrated for each recorded point ν i recorded by the following way:
where the δν i diode = ν i diode − ν 0 diode indicates the change in the wavelength meter readout of the stabilized diode laser with respect to the ν 0 diode . Note that this calibration procedure assumes that the wavelength meter drift for both Ti:Sa laser and diode laser is the same. After applying this calibration, a consistent value is obtained for the COG, as shown in Fig. 4(c) . A standard deviation of σ = 0.77 MHz is reached [gray wider band in Fig. 4(c) ]. The error of the weighted mean (0.23 MHz) is shown with the green narrow band.
To further evaluate the reliability of the calibration procedure and the achieved precision, and to verify if the frequency correction indeed accounts for wavelength meter drift, we take full advantage of the FPI system described in Fig. 2 and Sec. II. An example of two transmission fringes of the Ti:Sa laser from the FPI is shown in Fig. 3(a) . Since the FPI cavity is locked to the stabilized diode laser, these transmission fringes should occur for the same laser frequency with a precision of less than 1 MHz throughout the experiment only if the calibration procedure was performed correctly. Therefore, at least one FPI transmission fringe was recorded for each hfs measurement. Given the large hfs A l parameter of 47 K, the frequency scanning range was divided into two regions, as 034304-5 (50) shown in Fig. 3(b) . In both low-and high-frequency range of the hfs spectrum, a transmission fringe from the FPI was recorded, as shown in Fig. 3(a) . Figure 4(b) shows the position of one FPI peak recorded during the experiment, before applying any frequency correction. A clear and significant drift of about 8 MHz is observed, which closely matches the drift observed in the COG of 47 K as shown in Fig. 4(a) , and confirms that this drift is induced by the wavelength meter. The same point-by-point frequency correction was applied for the FPI transmission fringe. The FPI peak position after this frequency correction is presented in Fig. 4(d) . A consistent value is achieved for all the measurements during the entire experiment. A standard deviation of 0.4 MHz was obtained, as presented in Fig. 4(d) with a gray wider band, further supporting the precision achieved for the COG of 47 K isotope demonstrated above. The 0.2 MHz error of the weighted mean is shown on the same figure in green narrow band.
C. Extracted hyperfine parameters, isotope shifts, and nuclear charge radii
In order to evaluate the performance of CRIS technique and the frequency scanning method, it is necessary to compare the extracted hfs parameters and the isotope shift of each isotope to available literature values. After applying the aforementioned frequency correction (Sec. III B) to the hfs spectra of [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K, the hfs parameters were extracted, as listed in Table I . They are in excellent agreement with the literature values and reach a similar precision as in Ref. [50] .
From the deduced COG (ν A ) of the [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K isotopes δν 47,A = ν A − ν 47 were evaluated with respect to the COG (ν 47 ) of the reference isotope 47 K. These isotope shifts are presented in Table II and compared to those from the previous measurements, in which different experimental techniques have been used [11, 38] . Since the CRIS technique and the collinear laser spectroscopy technique used in Ref. [38] are both applied to accelerated beams, the accuracy of the acceleration potential calibration has to be addressed in the error budget. The resulting systematic uncertainties of the isotope shifts are added in square brackets in Table II . These were propagated to obtain the systematic uncertainty of the δ r 2 . Note that in Ref. [11] , the systematic error of the δ r 2 was presented together with the large uncertainty related to the atomic field and mass factors. Our results for the isotope shift are in excellent agreement with the measurements from the atomic beam experiment [38] . They also agree with those from the optically detected collinear laser spectroscopy measurement [11] , if the systematic error from those data is taken into account. Using the atomic mass shift factor K MS = 198.2(38) GHz u and field shift factor of F = −110(3) MHz/fm 2 , evaluated in Refs. [9, 11] , the changes in mean-square charge radii of [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] K are deduced and presented in Table II and Fig. 5(a) . The gray shaded area around the data points represents the large systematic error on the δ r 2 , which results from the error on the atomic field and mass factors, as presented in the last column of Table II. The agreement between the results presented in this work and literature values is further demonstrated in Fig. 5(b) , where the deviation between our data, results from Refs. [11] and [38] is shown. The shaded bands indicate the systematic uncertainties related to the voltage calibration. The results provide confidence in the accuracy of the frequency calibration method and the frequency scanning approach. Furthermore they highlight the importance of the estimation of systematic uncertainties, which are often present when laser TABLE II. The isotope shifts and changes in the mean-square charge radii obtained in this work relative to the reference isotope 47 K are presented along with available results from literature. Systematic errors on the isotope shift and the resulting systematic uncertainties of the δ r 2 are added in the square brackets where available. The isotope shifts from Ref. [38] are recalculated using 47 K as a reference. The last column shows the systematic uncertainty for δ r 2 , coming from the error on the atomic K MS , F factors, see text for more details. The isotope shifts are given in MHz and the δ r 2 in fm 2 . 
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This work and Ref. [38] Ref. [11] Ref. [38] (a) This work and Ref. [11] This work FIG . 5. (a) Changes in the mean-square charge radii, δ r 2 , obtained in this work, are compared to those from literature [11, 38] . The gray band represents the systematic uncertainty from atomic K MS and the F . (b) The deviations between δ r 2 values reported in Table II are presented taking into account the systematic uncertainties due to the voltage calibration (shaded areas). spectroscopy is performed on accelerated beams. However, they only become significant when an isotopic chain of light mass elements is studied.
D. Systematic investigation of line shapes
The spectral line shape in the hfs spectra observed in a collinear laser spectroscopy measurement is usually assumed to be a Voigt profile, which is the convolution of a Lorentzian and a Gaussian line shape. The Lorentzian component is a homogeneous line broadening due to the finite lifetime of the atomic states and the laser power [51, 52] , while the Gaussian part is associated with inhomogeneous broadening mechanisms such as the energy spread of the ion beam. The line shape of hfs spectra obtained with the CRIS technique is sometimes further modified due to the interaction between the atoms and the electromagnetic field of the pulsed lasers. During the charge exchange process, excitations and deexcitations due to collisions with the alkali atoms often happen when the CEC is operated at higher temperature, leading to asymmetric spectral line shapes, and appearance of side peaks [53] . The latter has not been observed during the measurement presented in this work. An AC Stark effect on the other hand, caused by the high power of the pulsed lasers, can cause another undesired asymmetric line shape distortion [35, 43, 54] , which will be discussed in Sec. III D 1. Although there are many studies on laser-induced line shape effects [36, 43, 55] , the complexity of the three-step laser ionization scheme used in this work makes it challenging to derive an analytical expression for the final line shape [43] . As observed in our earlier work [29] , the experimental hfs spectra obtained with three-step laser ionization are influenced by an AC Stark effect, which can be approximated with an asymmetric line shape function.
In this work, the hfs spectra obtained with 90 mW laser power in the first excitation step and laser pulse structure shown in Fig. 1 optimized for high resolution, were analyzed using a Voigt-profile. For other cases in which the line shape was strongly influenced by the laser power and time structure of pulsed lasers, the hfs spectra are found to match the asymmetric fitting profile defined by an asymmetric Gaussian function better than an asymmetric Lorentzian spectral line shape. All above-mentioned line shapes are implemented in the data analysis package SATLAS [49] .
Delayed ionization
The delayed ionization method has been investigated with the CRIS technique [43] , showing significant advantages for reaching high resolution and high efficiency. By ensuring the laser pulse used for resonance excitation has no temporal overlap with the ionizing laser pulse, line shape distortion from AC Stark shift can be avoided. It was also demonstrated in the earlier studies of Cu and Fr isotopes [43] that this delayed laser pulse does not sacrifice the overall ionization efficiency if a sufficiently long-lived excited state is used. In the case of potassium, the lifetime of the first excited state (26 ns) is shorter than that used for the studies of francium and copper atoms, having lifetimes of 83 ns and 358 ns respectively. The use of a Pockels cell for chopping the cw laser light, resulted in 50 ns minimal pulse lengths of the first step, almost twice as long as the lifetime of the excited state. This introduced some degree of optical pumping, which acts to reduce the total ionization efficiency. Furthermore, total temporal separation of the laser pulses will result in a drop in efficiency due to spontaneous decay of the first excited state.
The spectral line shape of the of 39 K hyperfine transition peaks was systematically investigated under three different timing configurations of the laser pulses, referred to as delayed ionization (I), simultaneous excitation (II), and simultaneous ionization (III) as shown in the top panel of Fig. 6 . In Table III , the delays of the second and third laser steps are summarized for these three configurations. Information on each laser step (power, pulse length, beam size) is also summarized in Table IV. The achieved hyperfine spectra under these three configurations are presented in Fig. 6 , with a normalized y axis for an easier comparison of line shapes. The full width at half maximum (FWHM) and relative efficiency extracted from these hfs spectra are also summarized in Table III . An unperturbed hfs spectrum is obtained using delayed ionization, as shown with a dashed red fitted line in Fig. 6 , with the FWHM of less than 50 MHz. This timing configuration of laser pulses was used for the measurements discussed previously in Sec. III B and Sec. III C.
In the case of simultaneous excitation (see Fig. 6 and Table III) , the pulse of the second laser arrives 37 ns earlier than in the case of delayed ionization, and overlaps with the first laser pulse, while the third laser used for ionization is still decoupled from the first two laser pulses. This configuration results in a broadened [FWHM: 69.3 (18) MHz] but symmetric Voigt line shape, which was fitted with the solid blue line in Fig. 6 left. An intuitive interpretation is that the presence of the second laser decreases the effective lifetime of the excited state, resulting in a broadened resonance. The spectrum fitted with the solid green line in Fig. 6 right, is obtained with all three laser pulses overlapped (simultaneous ionization). The highest efficiency is reached under this condition, but the line shape features a long 2 GHz tail on the high-frequency side. The absence of the asymmetric line shape with simultaneous excitation, comparing with the significant asymmetric spectrum observed with simultaneous ionization, indicates that the asymmetry is induced by the third, high-power ionization laser. This was observed also in earlier CRIS experiments [29, 36, 43] .
In order to gain a better understanding of the ionization efficiency losses, line shape distortions, and the effect these distortions may have on the extracted hyperfine parameters, laser resonance ionization spectroscopy was performed on 39, 42, 47 Mass number Mass number FIG. 8 . Difference between the observables obtained from delayed and simultaneous ionization measurements for different isotopes 39, 42, 47 K. The observables are extracted from spectra shown in Fig. 7. ionization. These three isotopes have different nuclear spins and hyperfine splittings. It therefore allows us to investigate if the differences in hyperfine splittings play a role in how the line shapes are distorted. Furthermore, as mentioned in Sec. III B, precise isotope shift measurements are of critical importance for light isotopes in order to precisely extract information on the nuclear size. Indeed, if the line shape distortion in the hfs spectra is different for each isotope, this will affect the accuracy of the isotope shift. Typical hfs spectra of 39, 42, 47 K observed with delayed and simultaneous ionization are presented in the top and bottom panels of Fig. 7 , respectively. The time structures of the arriving laser pulses are also presented schematically in the inset of Fig. 7 (c) and 7(f). Significant changes in the line shape were observed for each isotope when overlapping the laser pulses, as well as an increase in the overall efficiency [Figs. 7(d), 7(e) and 7(f)]. Figure 8 plots the difference of hfs A l and COG (ν) extracted from the spectra shown in Fig. 7 observed with simultaneous and delayed ionization. The presented results demonstrate that the simultaneous ionization condition, with all laser pulses overlapped, has a strong effect on the resulting COG [ Fig. 8(b) ] but less on the A l parameter [ Fig. 8(a) ]. Furthermore, the magnitude of the COG shift is different for each isotope. As a result, the extracted δ r 2 values are significantly larger than the values reported in Sec. III B as presented in Fig. 9 . Since the isotope shift is calculated relative to the COG of 47 K, the δ r 2 of 47 K is zero in both cases. As expected the 8.6(13) MHz difference observed for the COG of the reference isotope in these two configurations results in a significant change in the value of charge radii 39 K taken with simultaneous ionization and 16 mW of laser power (solid red line) and the same structure obtained using delayed ionization and 90 mW laser power (dashed blue line). The count rates were normalized for better visualization. More details about the spectra can be found in Table V. ( Fig. 9 ). Thus, in order to extract nuclear parameters with a good precision and accuracy, simultaneous ionization with overlapped laser pulses should be always avoided, unless the above observed effects are well understood and controlled.
Role of laser power in simultaneous ionization
Using the configuration of simultaneous ionization, we measured the hfs spectra of 39, 42, 47 K with four different laser powers for the first excitation step: 16 mW, 40 mW, 90 mW, and 365 mW. Figure 10 gives an example of the hfs spectrum of 39 K (fitted with solid red line) taken with a laser power of 16 mW and simultaneous ionization. A high-resolution hfs spectrum was observed without obvious power broadening or evidence for AC Stark effect, even though the laser power of the second and third laser steps remained the same. An interpretation of this is not straightforward, but this measurement does illustrate the complexity of three-step laser ionization with high-power pulsed lasers. For comparison, the spectrum of 39 K taken with delayed ionization and 90 mW laser power of the first resonant excitation is shown and fitted with dashed blue line in Fig. 10 . The relevant information for laser power of first resonant excitation, the sequence of laser pulses and the achieved FWHM for the hfs spectra of 39 K in Fig. 10 are summarized in Table V . Figure 11 illustrates the difference of the hfs parameter (A l ) and COG (ν) extracted from the hfs spectra of 39, 42, 47 K   TABLE V . Sequence of laser pulses for resonance ionization and the FWHM of hyperfine peaks for the spectra presented on Fig. 10 and Fig. 12 obtained from simultaneous ionization and delayed ionization, with different laser powers for the first excitation step (with the solid markers). There is no significant change observed for A l parameter [see Fig. 11(a) ], although the broadened and asymmetric hfs spectra measured with higher power and overlapped laser pulses prevents resolving the individual hyperfine components of 39 K. However, the COG is clearly affected by the laser power, as an obvious increasing shift is observed when the laser power is increased, as shown in Fig. 11(b) . The COG shift due to the presence of a high-power laser has been observed in the past [35] . Note that, in the case of lowest laser power (16 mW), the COG frequency observed with simultaneous ionization still deviates by about 5 MHz [see Fig. 11(b) ], even though a fairly high-resolution spectrum is observed (Fig. 10 ). This again underlines the importance of avoiding overlapped laser pulses in high-precision resonance ionization studies.
To further investigate the effect of laser pulse timings and powers on A l and ν, the hfs spectrum of 47 K was measured with the highest laser power (365 mW) and timing configuration shown in Fig. 12 . In this case, the laser pulses of the second and third steps are overlapped just after the rising Table V. edge of the first laser pulse, resulting in the qualitatively worst line shape and broadening. The extracted A l and ν are also presented in Figs. 11(a) and 11(b), respectively, with the open red diamonds. Even for the A l parameter [ Fig. 11(a) ], although with a large error bar, a clear deviation of about A l ref − A l = 7.3(24) MHz is observed. This deviation is further enhanced for the extracted COG frequency, as plotted in Fig. 11(b) , with a maximum deviation of 31.1 (24) MHz (δν = ν − ν ref ).
IV. SUMMARY AND OUTLOOK
In this paper, we presented a series of collinear resonance ionization spectroscopy measurements of the 38, 39, 42, 44, 46, 47 K isotopes with the CRIS setup. A precision and accuracy of less than 1 MHz was reached for the hyperfine parameters, as well as for the isotope shifts thanks to the newly installed laser-frequency calibration and monitoring system. The extracted changes in mean-square charge radii are in a good agreement with those obtained with previous high-precision laser spectroscopy and atomic beam measurements when the systematic uncertainties related to beam acceleration are taken into account.
The line shapes of the hfs spectra of potassium isotopes observed with the three-step resonance ionization process were investigated with different laser powers and pulse timings. It was shown that narrow symmetric line shapes leading to precise and accurate results are obtained only if a specific time sequence between the three laser steps is applied. It was also confirmed that overlapping the laser pulses has a significant effect on the line shape, with clear broadening and asymmetries. This line shape distortion results in shifts of the hfs COG of several MHz, and thus leads to inaccurate values for the deduced isotope shifts and charge radii. No significant deviations were observed for the extracted hyperfine A l parameter of the atomic 4s 2 S 1/2 state, implying that the nuclear magnetic moments can still be reliably extracted in this case. Results of this work open the way for studies on lighter isotopes in the Z = 20 region using the collinear resonance ionization techniques.
